Abstract: This study presents a compact optical configuration that can generate a multiplex dot-matrix hologram with complex interlaced images for anti-counterfeiting applications on valuable paper. Varying the orientation of the interference plane can enable the multiplex hologram to be recorded without changing the interference angle of two laser beams. With its simple asymmetric optical setup, a multiplex hologram with many interlaced images can be efficiently fabricated, increasing the cost of imitation. Experimental details of the asymmetric optical setup are also described.
Introduction
Holograms have long been employed in anti-counterfeiting. Their unique light characteristics make them useful in the securing valuable papers. Examples include banknote in Singapore, Californian driving license, Germany and Taiwanese passports, credit cards, and even entrance tickets to Super Bowl Game of the National Football League. In the past, most authentication holograms have been of the rainbow type [1] . However, the manufacturing cost has always been high because of the difficult work of sculpting a model and the need for expensive manufacturing optical facilities. Much research has focused on developing advanced hologram technologies that can display 2-D or 3-D images without traditional holography [2] [3] [4] [5] [6] [7] [8] [9] . A dotmatrix hologram integrated with small grating dots obtained by the interference of two laser beams is one practical technology. Such a hologram can be complex with single or multiplex images, created with the assistance of a computer. Much of the literature reported the progress of dot-matrix hologram technologies [9] [10] [11] [12] [13] [14] . However, most optical systems are designed for symmetric interference. The disadvantage is that such systems are always bulky and involve complicated optical components, driving electronics and moving devices that are difficult to operate and maintain. The fabrication of a hologram is thus not cost-effective.
This work presents a compact, asymmetric setup of a hologram printer [15] to generate cost-effectively a multiplex dot-matrix hologram for anti-counterfeiting applications.
Theoretical background

Basic concept of dot-matrix hologram
A picture can be "pixelized" as a matrix of bit elements. Replacing the bit elements of a picture with grating dots of the same size and all with the same grating vector, enables the images to be diffracted in a specific direction under uniform illumination of white light: the images are not viewable in any direction. Images can thus be projected in specified directions by constructing individual interlaced images with grating dots of different orientations (grating vectors). Interlaced images can be either generated by computer or imported from an image scanner. Any such images can thus be devised. The process can present obstacles to counterfeiting.
The reconstructed beam incident on a grating is assumed to be [16] 
The incident wave is taken to be a plane wave because a hologram is always observed at an appropriate distance from a light source. Analogously, the complex amplitude of the wave diffracted from the hologram will be
where A i (r) and A d (r) are the amplitudes of the incident and diffractive waves, respectively, at an arbitrary coordinate, r Á k i and k d are the wave vectors of the incident and diffractive wave, respectively. A surface relief grating is like a "planar" grating because the grating is formed only on the surface of a hologram. The discussion can thus be confined to diffraction in the Raman-Nath regime, rather than Bragg diffraction [17] . Only the first diffraction order is considered because it dominates the diffraction from a grating. Therefore, for a grating, H, depicted in fig. 1 , the diffraction relationship between the incident beam and the first order diffraction beam can be written as [18] sin
where l is the wavelength of an incident beam , and L is the period of the grating. The equation can also be expressed as [19] 
where jKj ¼ 2p=L is the grating vector. Figure 1 shows the vectors and their relationship. q d and q i are the angles of intersection of the incident and diffraction beam with the normal of the grating surface, respectively. L is the period of the grating. Equation (4) shows that the diffraction wave vector, k d, is determined from the grating vector, K, under an incident beam, k i, with a fixed illumination direction. In general, a hologram with a surface relief grating can be distinguished as either a transmission or reflection type. In commercial applications, a reflection type hologram is more practical than a transmission type hologram. Figure 2 shows the diffraction behavior of a transmission hologram and a reflection hologram, respectively. 
Multiplex images
Images mixed in the hologram are synthesized by computer before fabrication. Each pixel of the images is transferred as a grating dot in a position that corresponds to the position on the hologram. A multiplex hologram with four images, "A", "B", "C", "D", was used as an example for describing the concept. Fig. 5a shows the hologram divided into matrix elements. Each element can include up to four grating dots with different K values. Fig. 5b shows the directions of dif-162 Y. T. Lu, S. Chi, Compact, reliable asymmetric optical configuration for cost-effective fabrication
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Normal of grating plane Fig. 1 . The beams diffracted from a thin grating. fraction from gratings with various orientations. The multiplex images will be observed consecutively, when a viewer's eyes move across the hologram, as shown in fig. 5c , because each image is constructed of dots with the same orientation from each element in the hologram. The same phenomenon will be observed by wavering the hologram under illumination by white light. Figure 6 depicts the setup of the dot-matrix hologram printer. The laser beam passes through a focusing lens, designed to adjust the size of the beam spot on the recording plane, by moving the lens along the rail. A shutter set to switch the laser beam on/off for each exposure. The photoresist plate is put on a holder on the XY stage to record the image for recording. The rotary disc utilized to change the orientation of the interference is a critical part of the setup. A combination of a cube beam splitter and a mirror is fixed under the rotary disc. The beam splitter splits the laser beam into two parts with equal intensity. One is reflected from the mirror and the other passes through the beam splitter directly to the recording plane. They intersect on the recording plane at the proper angle. When the rotary disc is rotated, the orientation of the reflection beam changes but the beam continues to overlap with the transmitted beam on the recording plate, changing the orientation of the interference and thus varying the grating vector. The paths of the two beams are designed to be unequal with non-symmetric intersect angles with the normal to the hologram. The design is based on improving rigidity and stability for operation. In this experiment, the performance of the hologram does not differ significantly between the asymmetric and the symmetric arrangement. The asymmetric compact setup can operate at a very high speed, over a long period of operation and tens of exposures per second. The intersection angle between the two laser beams is determined from the condition of hologram reconstruction under common illumination. According to eq. (4), and the previous section, the grating vector, K, which is determined by the interference angle between the two beams, dominates the direction of diffraction. Figure 7 schematically depicts reconstruction of a hologram. White light illuminates the hologram at an incident angle of q from the normal. The diffraction direction is set to coincide with the normal of hologram plane. Therefore
Setup and experiment
where q is the angle between the illumination beam and diffraction beam [20] . Clearly the angle of intersec- tion, q i of the two interference laser beams equals q. In general, the common illumination angle ðqÞ is between 20 and 30 degrees from the normal. Thus q i is also within 20 and 30 degrees from the hologram normal. Theoretically, the total orientation range of the grating direction could be cover almost 180 degrees (180 degrees exactly is eliminated because it represents the same diffraction condition as 0 degree) without diffracting two images in the same direction. In case of a multiplex with four images, the theoretical angular separation of the gratings should be 180 degrees/3 ¼ 60 degrees, to split the images properly and to prevent overlapping with an adjacent image. Empirically, a total orientation range of 90 degrees can separate the images sufficiently.
The exposure time of each dot depends on the intensity of exposure. For a He-Cd (@442 nm ) laser with an output power of tens of mW, the exposure time per dot could be less than 100 milliseconds. The size of the dot on the hologram is determined from the size of the input beam and the focal length of the focusing lens. The focusing lens can be adjusted along the rail to control the spot size, as shown in fig. 8a . The grating dots with about 1000 dpi (dot diameter ¼ 25 microns) were obtained in the system under optimal conditions, using a small NA focusing lens. However, making a hologram with such a resolution beyond that of human eyes is not sensible. For an authentic hologram, the suggested resolution of the dots is 200 dpi $ 300 dpi, which suffices to construct a high quality hologram with multiplex images.
Optical interference usually requires an optical bench to isolate the vibrations to make a traditional hologram. However, this isolation is not necessary in this setup because the exposure time of each dot is only tens of milliseconds. Moreover, the asymmetric optical configuration is much simpler than that of the systems considered in references [9] [10] [11] [12] [13] [14] , that can eliminate the relative vibrations between components. This fact represents an important advantage of not needing to support the entire apparatus on an optical bench. The positive photoresist is used as recording material in the experiment. Shipley AZ-1350 or 1400 are better choices for simpler process. The high contrast developer Shipley #319 is suggested for developing after exposure. An air-cooling He-Cd laser with a wavelength of 442 nm was employed as a light source of the experiment. It supports a shorter exposure time by a factor of around 1/10 the 488 nm or 514 nm output from an argon laser. The stepping resolution of the XY stage is critical for high-resolution recording. The stepping accuracy should be within 1 micron for each moving step. The rotational resolution of the rotational stage is not as critical as that of the XY stage, because a rotational deviation of many seconds will not affect the quality of the images. A clean operation workshop is required to prevent dust from falling on the surface of the photoresist during fabrication. Figure 8 shows photographs of the setup.
Coherence and effect grating area issues concerning the asymmetric interference optical setup
The following calculations evaluate problems of the coherent length and the deviation in the shape of the beam spots in the asymmetric setup. According to fig. 9 , the optical path difference (OPD) can be expressed as
where L in is the optical path length of the incline beam; P is the distance from the beam splitter to the mirror, and L S is the optical path length of the beam that passes through the beam splitter. The L S of our system is 40 mm, and the interference angle q is 21.6 degrees. The OPD is found to be only 18.8 mm.
The coherence of a common He-Cd laser exceeds 300 mm and is sufficiently long to overcome such an OPD distortion. Figure 10 depicts the surface profile of the grating made with the setup discussed here, and measured using by a Dektak 3030ST, with a depth of 60 nm and a period of 1.2 mm. In the experiment, bright images can be reconstructed from the grating fabricated under these conditions. The asymmetry of the beam paths does not reduce their correlation or diffraction efficiency. The effective area of grating is defined as the overlap ratio of the two beams on the recording plane. According to fig. 11 , the effective grating area equals the area of the beam spot at normal incidence, which is smaller than that of an inclined beam. The gray area represents an absence of gratings. Therefore, we can define R GA as the effective grating factor, which is equal to the ratio of area of spot from beam splitter to the area of spot from Mirror: play the images. So the mismatch of beam spots due to the asymmetric configuration also does not critically influence the performance of the dot matrix hologram. Figure 12a ) and b) show microscope photographs of grating dots on the hologram. The diameter of the spot is 100 mm. More images could be interlaced into the hologram using a smaller beam spot. The exposure rate is 10 $ 15 dots/sec. The compact configuration can yield tens of exposures by replacing the mechanical shutter with an E-O or A-O shutter, to increase the switching rate. The XY stage is required to respond rapidly to the message from the computer, and to settle quickly after each movement. The setup can be operated without an optical bench, as mentioned in the previous section. Table 1 size of the grating dots is reduced. However, more time is required for fabrication. The size of grating dot depends upon the size of the hologram and the number of multiplexed images required for a particular security application.
Discussion
Conclusion
The compact configuration with asymmetrical optical setup can effectively support the making of a dot-matrix multiplex hologram as a symmetric setup. Using the fewest optical components, this configuration represents a stable and quick way to make cost-effectively complex security holograms. For advanced authentication applications, the system can fabricate a confidential grating code pattern on a security tag. The tag can be illuminated with a laser beam and detected with a sensor. 
